INTRODUCTION
Epidermal growth factor receptor (EGFR), the prototypical mammalian receptor type protein tyrosine kinase (RTK), regulates fundamental cellular functions such as proliferation, differentiation, migration, and apoptosis (Carpenter, 1987; Schlessinger, 2000; Normanno et al., 2006) . Ligand binding to EGFR stabilizes homodimerization, which promotes trans-tyrosine phosphorylation by constitutively active intrinsic tyrosine kinase. Specific phosphorylated tyrosines function as docking sites for a variety of signaling molecules that regulate membrane-proximal steps of signal transduction cascades that ultimately bring about cellular responses to EGFR ligands (Prenzel et al., 2001; Jorissen et al., 2003) .
The central role of EGFR in diverse signal transduction pathways dictates that its tyrosine phosphorylation must be strictly regulated by counteracting protein tyrosine phosphatases (PTPs). PTPs are a family of enzymes that catalyze dephosphorylation of protein substrates and usually act to turn off the signals generated by RTKs (Alonso et al., 2004) . Dynamic opposition between protein tyrosine kinase and protein tyrosine phosphatase activities is necessary to maintain cellular homeostasis (Tonks, 2006) . We have recently reported that receptor type protein tyrosine phosphatasekappa (RPTP-) dephosphorylates EGFR and thereby regulates EGFR tyrosine phosphorylation and subsequent downstream cellular responses, in primary human keratinocytes .
Transforming growth factor-beta (TGF-␤) is a potent regulator of cell proliferation, differentiation, matrix production, migration, angiogenesis, immunity, and apoptosis (Massague, 1998; Derynck et al., 2001; Wang, 2001) . The effects of TGF-␤ are mediated by transmembrane serine/ threonine kinase receptors, which directly phosphorylate the Smad proteins, Smad2 and Smad3. Phosphorylated Smad2 and Smad3 separately associate with Smad4 (a CoSmad) and the complexes translocate into the cell nucleus to function as transcription factors (Heldin et al., 1997; Derynck et al., 1998) .
Cellular responses to TGF-␤ are highly cell-type specific. In epithelial cells, TGF-␤ is a potent inhibitor of cell proliferation (Coffey et al., 1988; Moses et al., 1990) . The presence of inactivating mutations in genes encoding TGF-␤ receptors, Smads, or other downstream effectors in human epithelial cancers, and mouse models of cancer development, demonstrate that the TGF-␤ signaling pathway is a potent tumor suppressor pathway (Massague et al., 2000; Derynck et al., 2001; Wakefield and Roberts, 2002) .
It is well established that EGFR signaling pathways stimulate growth, whereas TGF-␤ signaling pathways inhibit proliferation, in normal human keratinocytes. However, mechanisms that functionally integrate these two opposing pathways are largely unknown. To address this issue, we have investigated the ability of TGF-␤ to regulate EGFR activation. We find that TGF-␤ diminishes EGFR tyrosine phosphorylation and that this inhibition is dependent on Smad3/4-mediated transcriptional induction of RPTP-expression. Our findings that TGF-␤ up-regulates RPTP-, and RPTP-functions as a negative regulator of EGFR, likely provide a heretofore unknown link between these pivotal pathways, which regulate cellular homeostasis in human skin.
MATERIALS AND METHODS
Adult human primary keratinocytes were purchased from Cascade Biologics (Portland, OR). Human recombinant TGF-␤1 was purchased from R&D Systems (Minneapolis, MN). Puromycin and AG1478 were purchased from Calbiochem (Gibbstown, NJ). SB431542 was purchased from Sigma-Aldrich (Cat no. S4317, St. Louis, MO). PD169540 was provided by Dr. David Fry from Pfizer (Ann Arbor, MI). EGFR, Smad2, Smad3, and Smad4 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Phospho-EGFR (Tyr1068) antibody was purchased from Invitrogen (Carlsbad, CA). 293FT cells were obtained from American Type Culture Collection (Manassas, VA). Generation of RPTP-antibody has been described previously .
Cell Culture
Adult human primary keratinocytes were cultured in Epilife keratinocytes media supplemented with keratinocytes growth supplement (Cascade Biologics) at 37°C under 5% CO 2 . 293FT cells were culture in DMEM supplemented with 10% fetal bovine serum, nonessential amino acid, l-glutamine, sodium pyruvate, and geneticin at 37°C under 5% CO 2 .
Real-Time RT-PCR
Total cellular RNA was purified using Miniprep RNA isolation kit according to manufacturer's instruction (Qiagen, Chatsworth, CA). Reverse transcription of all total RNA was carried out using a Taqman Reverse Transcription kit (Applied Biosystems, Foster City, CA). Real-time PCR was performed using a Taqman GEx PCR Master Mix kit (Applied Biosystems) using a 7300 Sequence Detector (Applied Biosystems). Premade primer/probe combinations were purchased from Applied Biosystems. Target gene mRNA levels (number of molecules/10 ng total RNA) were normalized to endogenous 36B4 mRNA levels.
Cell Lysate and Western Blot
Cells were washed twice with ice-cold PBS, scraped from the dishes in WCE buffer (25 mM HEPES, pH 7.2, 75 mM NaCl, 2.5 mM MgCl 2 , 0.2 mM EDTA, 0.1% Triton X-100, 0.5 mM DTT, 20 mM ␤-glycerophophate) supplemented with 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride (PMSF), and protease inhibitors cocktail (Roche Diagnostics, Indianapolis, IN). Equal amounts of whole cell extract were resolved on a 10% SDSpolyacrylamide gel, and transferred to Immobilon-P filter paper (Millipore, Bedford, MA). Immunoreactive proteins were visualized by enhanced chemifluorescence (ECF) according to manufacturer's protocol (GE Healthcare, Piscataway, NJ). Quantification was performed using a STORM Phosphorimager (Molecular Dynamics, Sunnyvale, CA).
Lentivirus shRNA-mediated Knockdown of Endogenous Proteins
MISSION TurboGFP nontargeting shRNA control vector (Product no. SHC002) and shRNA constructs targeting RPTP-(5Ј-CCGGGCCCAGACTAAGAACAT-CAATCTCGAGATTGATGTTCTTAGTCTGGGCTTTTT-3Ј or 5Ј-CCGGCCGG-CGAGTCAAGTTATCAAACTCGAGTTTGATAACTTGA-CTCGCCGGTTTTT-3Ј), Smad2 (5Ј-CCGGCGATTAGATGAGCTTGAGAAACTC-GAGTTTCTCA-AGCTCATCTAATCGTTTTTG-3'), Smad3 (5Ј-CCGGGAGCCTGGT-CAA-GAAACTCAACTCGAGTTGAGTTTCTTGACCAGGCTCTTTTT-3Ј, and Smad4 (5Ј-CCGGGAGCCTGGTCAAGAAACTCAACTCGAGTTGAGTTTCTTGACCA-GGCTCTTTTT-3Ј) were purchased from Sigma-Aldrich. Lentivirus was produced in 293FT cells after transfection of shRNA construct and helper plasmids using Superfection method as described by the manufacturer (Qiagen). Two days after transfection, supernatant from 293FT cells was used to infect human primary keratinocytes.
Chromatin Immunoprecipitation Experiments
Approximately 6 ϫ 10 6 human primary keratinocytes were treated with vehicle or with 2.5 ng/ml TGF-␤1 for 3 h. Chromatin immunoprecipitation (ChIP) experiments were carried out as described (Orlando et al., 1997) using ChIP grade rabbit anti-Smad3 or Smad4 antibodies (Abcam, Cambridge, MA). After phenol-chloroform extraction and ethanol precipitation, the DNA recovered from the immunoprecipitated chromatin was analyzed by real-time PCR amplification using four sets of primers that covered the 1-kb promoter region immediately before the transcription start site of human RPTP-gene. The primer sequences were 5Ј-GAGTAAATCCAAATACTTGGC-3Ј and 5Ј-GGG-CTCGCCAACGACTAACTTTCC-3Ј to cover the region 78-327; 5Ј-TTCAAT-CAGCAACCGCTCGGG-3Ј and 5Ј-GGC-GGCGGTCGGCGACGAGCCT-3Ј to cover the region 327-522; 5Ј-TCCGAGCAG-CGGCTGGCGGCGG-3Ј and 5Ј-AATCAGTTCTCAATGAAACGAG-3Ј to cover region 522-706; and 5Ј-CTC-GTTTCATTGAGAACTG-ATT-3Ј and 5Ј-CCTCGTTCTCGCGGTG-TTT3Ј to cover region 706-994.
RESULTS

TGF-␤ Rapidly Induces RPTP-, Which Mediates Inhibition of EGFR Activation
We initially examined kinetics and dose dependence of induction of RPTP-by TGF-␤ and its functional consequences on EGFR activation. TGF-␤ induced RPTP-mRNA ( Figure 1a ) and protein ( Figure 1b ) levels, in a time-dependent manner. Induction of RPTP-by TGF-␤ was observed at 3 h, was maximal within 24 h, and remained maximally (a and c) Total RNA was isolated and RPTPand 36B4 (internal control for normalization) mRNA levels were determined by real-time RT-PCR analyses. n ϭ 3, *p Ͻ 0.05. (b and d) Equal amounts of whole cell lysates were analyzed for RPTP-and ␤-actin (internal control for normalization) protein levels by Western blots, which were quantified by chemifluorescence, using a STORM PhosphorImager. Insets, representative Western blots. n ϭ 3, *p Ͻ 0.05. elevated for at least 48 h. Maximal induction of RPTPmRNA ( Figure 1c ) and protein ( Figure 1d ) was observed at 1.3 ng/ml TGF-␤1. Higher concentrations of TGF-␤1 reduced RPTP-protein levels, but not mRNA levels, relative to maximal stimulation achieved by 1.3 g/ml TGF-␤1, suggesting posttranslational regulation of RPTP-protein expression.
Treatment of keratinocytes with TGF-␤ suppressed both basal and EGF-stimulated EGFR tyrosine phosphorylation, measured by Western blot (Figure 2a ). TGF-␤ had no effect on total EGFR expression, indicating that TGF-␤ specifically reduced EGFR tyrosine phosphorylation. To determine the role of RPTP-in TGF-␤-dependent inhibition of EGF-induced EGFR tyrosine phosphorylation, we used shRNA to knockdown RPTP-. Knockdown of RPTP-significantly increased basal EGFR tyrosine phosphorylation . Importantly, RPTP-knockdown also significantly attenuated the ability of TGF-␤ to reduce EGFR phosphorylation (Figure 2b ). These data indicate that regulation of RPTP-expression by TGF-␤ mediates cross-talk between the EGFR and TGF-␤ pathways in human keratinocytes.
Induction of RPTP-Contributes to Suppression of Human Primary Keratinocyte Proliferation by TGF-␤
As shown in Figure 3 , inhibition of EGFR function by specific tyrosine kinase inhibitors AG1478 (Fry et al., 1994) or PD169540 (Fry et al., 1998) or addition of TGF-␤ substantially decreases proliferation of primary adult human keratinocytes. Therefore, we next investigated the role of RPTP-in TGF-␤-mediated inhibition of human primary keratinocyte growth. Cells were infected with lentivirus carrying either a nontargeting control shRNA or a RPTP--targeting shRNA construct (Figure 4) , which also carried a puromycin resistance gene. Cultures were treated with puromycin for 2 d to ensure that the majority of cells were expressing the lentivirus constructs. Puromycin-resistant keratinocyte cultures were treated with vehicle or TGF-␤1. TGF-␤ inhibited control cells proliferation 75%, whereas proliferation of RPTPknockdown cells was reduced only 25% (Figure 4 ). These data indicate that induction of RPTP-mediates, in part, the ability of TGF-␤ to inhibit human keratinocyte proliferation.
TGF-␤ Is a Major Regulator of RPTP-Expression in Adult Human Keratinocytes
Many cell types, including keratinocytes, constitutively express TGF-␤, which then acts as an autocrine or paracrine regulator of cell function. TGF-␤ primarily initiates cellular Figure 2 . TGF-␤ reduces EGFR tyrosine phosphorylation in primary human keratinocytes. (a) Keratinocytes were treated with vehicle (Ϫ) or TGF-␤1 (ϩ, 2.5 ng/ml) for 48 h, before treatment with vehicle (Ϫ) or EGF (ϩ, 10 ng/ml) for 30 min. Equal amounts of whole cell lysates were analyzed for phosphorylated (tyrosine 1068, pY-EGFR) and total EGFR protein levels by Western blot, which were quantified by chemifluorescence, using a STORM PhosphorImager. Insets, representative Western blots. n ϭ 3, *p Ͻ 0.05. (b) Keratinocytes were infected with nontargeting control (Ctrl shRNA) or RPTP-shRNA lentivirus, 24 h before treatment with vehicle (Ϫ) or TGF-␤1 (ϩ, 2.5 ng/ml), for 48 h. Cells were then treated with EGF (ϩ, 10 ng/ml), for 30 min. Equal amounts of whole cell lysates were analyzed for RPTP-, ␤-actin, phosphorylated (tyrosine 1068, pY-EGFR) and total EGFR protein levels by Western blot, which were quantified by chemifluorescence, using a STORM PhosphorImager. Insets, representative Western blots. n ϭ 3, *p Ͻ 0.05. responses by binding to its specific cell surface receptor complex. We used the specific TGF-␤ type I receptor kinase inhibitor SB431542 (Inman et al., 2002) to examine the dependence of RPTP-expression on TGF-␤ receptor signaling. SB431542 substantially inhibited both basal (i.e., in the absence of exogenous TGF-␤) and TGF-␤-induced RPTPexpression. Basal RPTP-mRNA ( Figure 5a ) and protein ( Figure 5b ) levels were reduced 75%. TGF-␤-induced RPTP-mRNA ( Figure 5a ) and protein ( Figure 5b) were reduced 95%. These data indicate that TGF-␤ is a major pathway that regulates RPTP-expression in human keratinocytes.
TGF-␤ Induces RPTP-Expression via Smad3 and Smad4, But Not Smad2
The activated TGF-␤ receptor complex phosphorylates and thereby activates transcription factors Smad2 and Smad3, which together with Smad4 translocate to the nucleus, to regulate target gene transcription. We next investigated the role of Smad proteins in the regulation of RPTP-gene expression, using lentivirus mediated shRNA knockdown of endogenous Smad proteins. As shown in Figure 6a , lentivirus shRNA reduced endogenous Smad4 protein by 80%. This reduction resulted in significant reduction of both basal and TGF-␤-induced RPTP-gene expression. Similarly, knockdown of endogenous Smad3 protein (90%) by lentivirus mediated shRNA substantially reduced TGF-␤-induced RPTP-gene expression (Figure 6b ). In contrast, knockdown of endogenous Smad2 protein (70%) had no significant effect on either basal or TGF-␤-induced RPTP-expression (Figure 6c) . Similar results were obtained by knockdown of Smad2, Smad3, and Smad4 proteins by transfection of siRNA oligonucleotides (data not shown).
Smad3 and Smad4 Bind to RPTP-Promoter
The data presented above suggest that Smad3/4 may directly regulate RPTP-gene transcription. To further substantiate this conclusion, we performed ChIP assay, to determine Smad3/4 binding to the RPTP-gene promoter. Human primary keratinocytes were treated with vehicle or TGF-␤ for 3 h, and cross-linked, sheered chromatin was immunoprecipitated with either Smad3 or Smad4 antibodies. Immunoprecipitated chromatin DNA was amplified using four pairs of primer sets covering the proximal 1-kb region of human RPTP-promoter. As shown in Figures 7, a and b, TGF-␤ specifically induced binding of both Smad3 and Smad4 to a region of the RPTP-promoter located between nucleotides 522 and 706. This region of the RPTPpromoter contains a GTCT sequence, which closely conforms to the consensus Smad3-binding sequence (Yagi et al., 
DISCUSSION
EGFR is a major driving force for cell proliferation in human primary keratinocytes. The intrinsic tyrosine kinase activity of EGFR is kept in check by counteracting dephosphorylation, which is catalyzed by RPTP- . Inhibition of EGFR function either by blocking EGFR kinase activity or by overexpression of RPTP-suppresses cell growth (Mendelsohn and Baselga, 2003) .
In human skin, keratinocyte proliferation is restricted to the basal (lowest) layer of cells. As keratinocytes mature, they move upward and cease proliferating. Although EGFR is expressed in both proliferating and nonproliferating keratinocytes, RPTP-expression is most abundant in nonproliferating cells (Xu et al., 2006a) . In addition, RPTP-is up-regulated when cultured keratinocytes reach confluency and cease proliferating . Although the precise mechanism of up-regulation is unknown, we have observed a parallel increase in TGF-␤ expression as keratinocytes reach confluency (Xu and Fisher, unpublished data) . Interestingly, the extracellular region of RPTP-is composed of three adhesion molecule-like domains, which can form homophilic intercellular interactions among adjacent cells (Sap et al., 1994; Zondag et al., 1995; McAndrew et al., 1998) . These interactions may stabilize RPTP-at the cell surface Fuchs et al., 1996) , thereby helping to maintain EGFR in an inactive state. Thus, the level of RPTP-expression inversely correlates with keratinocyte proliferation, in human skin in vivo and cultured keratinocytes, consistent with the role of RPTP-as a physiological regulator of keratinocyte proliferation.
The TGF-␤ family of proteins has diverse biological effects, which are cell-type dependent (Rizzino, 1988) . For cells of epithelial origin, such as keratinocytes, TGF-␤ acts as a potent growth inhibitor (Shipley et al., 1986) . Induction of cell cycle inhibitors (Moustakas et al., 2002; Seoane et al., 2004; Gomis et al., 2006) , suppression of c-myc expression (Coffey et al., 1988) , and induction of phosphatase activity (Gruppuso et al., 1991) has been proposed as possible mechanisms for the antiproliferative effect of TGF-␤ in different types of epithelial cells. In the current study, we found that blocking induction of RPTP-allowed human keratinocytes to continue to proliferate in the presence of TGF-␤. Thus, induction of RPTP-is a significant mechanism by which TGF-␤ acts to impede keratinocyte growth. However, it is not likely the sole mechanism, but rather RPTP-acts in concert with other TGF-␤-regulated gene products to block keratinocyte proliferation.
Activated Smad3 and Smad4 bound to a 184-nucleotide base pair region, which contains a consensus Smad3-binding sequence, in the RPTP-promoter. Knockdown of Smad3 or Smad4 substantially reduced TGF-␤ induction of RPTP-. These data strongly suggest that TGF-␤/Smad3/Smad4 regulates RPTP-gene transcription. Future studies employing promoter reporter assays and electrophoretic mobility shift assays will be of interest, to further investigate regulation of RPTP-transcription.
Similar to RPTP-, cell cycle inhibitors such as p15 (ink4b), p21, and p27 can be induced by TGF-␤ in human keratinocytes (Xu and Fisher, unpublished data) and are contributing factors in TGF-␤-induced cell cycle arrest in epithelial cells (Hannon and Beach, 1994; Reynisdottir et al., 1995) . Cell proliferation is regulated by both increased positive input from mitogenic pathways such as EGFR pathway and decreased input from negative regulators such as the above mentioned cell cycle inhibitors. TGF-␤ can decrease EGFR activity via induction of RPTP-and simultaneously induce cell cycle inhibitors in a coordinated manner. The end result is cell cycle arrest. It should be noted that in addition to RPTP-, there are several other protein tyrosine phosphatases (such as TCPTP and PTP 1B) and dual specific phosphatases (DUSPs such as Cdc25A), which can also regulate the EGFR signaling pathway (Tiganis et al., 1999; Fawaz et al., 2002; Wang et al., 2002; Caunt et al., 2008) . However, the regulation of these phosphatases by TGF-␤ has not been investigated.
Cross-talk between signaling pathways is necessary to fine tune cellular responses to environmental needs. EGFR is a major proproliferative pathway, whereas TGF-␤ is an antiproliferative pathway in human keratinocytes. The data presented here establish a mechanistic link between these two counteracting pathways in their control of cell proliferation. TGF-␤ signaling pathway is frequently down-regulated in early tumorigenesis, which enables cancer cells to escape growth suppression caused by TGF-␤ (Bierie and Moses, 2006; Massague, 2008) . Interestingly, we have found a correlation between down-regulation of TGF-␤ pathway components and reduced RPTP-expression, in several squamous cell carcinoma cell lines (Xu, and Fisher, unpublished data) . Without sufficient RPTP-to maintain EGFR in an inactive state, EGFR can become constitutively active, as seen in many epithelial tumors. Overactivation of EGFR accelerates cancer cells growth and survival, two key properties that give cancer cells advantages over normal cells. Our data suggest that EGFR overactivation via reduced RPTP-expression may be a consequence of impairment of TGF-␤ signaling pathway in epithelial cancer. RPTPmRNA has been shown to be induced by TGF-␤ treatment in immortalized, nontumorigenic HaCaT keratinocytes (Yang et al., 1996) . Recently, it has been shown that restoration of RPTP-levels in MCF7 mammary cancer epithelial cells inhibits cell cycle progression (Wang et al., 2005) .
RPTP-, like all members of the PTP family, contains an active site cysteine that is required for catalytic activity. This cysteine is readily susceptible to oxidation, which inhibits PTP activity (Salmeen et al., 2003; van Montfort et al., 2003) . Exposure of human skin to UV irradiation elevates levels of reactive oxygen species, resulting in oxidative inhibition of RPTP- (Xu et al., 2006a) . This inhibition leads to EGFR activation and consequent stimulation of downstream signal transduction pathways, which mediate multiple responses of keratinocytes to UV irradiation (Xu et al., 2006b) . Interestingly, several studies have found that cancer cells generate elevated levels of reactive oxygen species. Increased reactive oxygen species production can result from oncogenic stimulation (Vafa et al., 2002; Hlavata et al., 2003) , increased metabolic activity (Behar et al., 2001; Behrend et al., 2003) , chronic inflammation (Ernst, 1999; Hussain et al., 2003) , or mitochondrial dysfunction (Carew and Huang, 2002; Copeland et al., 2002; Carew et al., 2003; Kumimoto et al., 2004) . These data raise the possibility that oxidative inhibition, in addition to reduced responsiveness to TGF-␤, may suppress RPTP-activity in tumor cells.
The notion that RPTP-may function as a tumor suppressor is supported by the fact that expression of RPTP-is reduced or undetectable in more than 20% of melanoma cell lines and some melanoma biopsies (Novellino et al., 2003) . In addition, the human RPTP-gene is localized within a region in chromosome 6 which is frequently deleted in hematological neoplasia, ovary carcinomas, melanomas, and many other types of solid tumors (Nakamura et al., 2003) . Future studies in animal models are warranted to verify the tumor suppressor property of RPTP-.
